Introduction {#sec1}
============

Natural gingival connective tissue is connected firmly to the tooth surface through the nonkeratinized junctional epithelium (JE). The latter is necessary to form a "biological seal" and is the first barrier of periodontal tissue that can prevent invasion by foreign bodies from penetrating the underlying soft tissue.[@bib1] Nevertheless, separation of the JE from the tooth surface can occur by clinical probing, intentional trauma, surgery using periodontal flaps, and periodontitis.[@bib2] In 1985, Isidor et al.[@bib3] described the "reunion" of gingival tissue and a tooth surface split by incision/injury as "periodontal reattachment" (PR). Therefore, the building of strong PR during wound healing plays a critical part in the maintenance of body defense.

Several traditional treatments (e.g., scaling, root planing) or antimicrobial agents (delivered systemically or locally) can promote reattachment of the JE and connective tissue.[@bib4] Nevertheless, those therapies aim to remove dental plaque and calculus, eliminating inflammation. However, very little is known about the molecular mechanism of PR; few treatments that target PR directly or induce hemidesmosome (HD) formation are available.

The JE attaches to enamel through the internal basal lamina (IBL) and HDs.[@bib5] One of the most important components of the IBL is laminin-332 (LM332).[@bib6] LM332 is a heterotrimer consisting of α3, β3, and γ2 chains.[@bib7] The α3 subunit of LM332 has a vital role in nucleation during HD assembly and in maintenance of the structural integrity of HDs.[@bib8], [@bib9], [@bib10], [@bib11] Mutation or deletion of the LM332 α3 chain (LAMA3) can result in complete loss of LM332 in the basement membrane and affect HD formation, which eventually, can lead to junctional epidermolysis bullosa.[@bib12]^,^[@bib13] Taken together, those findings suggest that LAMA3 has a promising role in promoting LM332 synthesis and HD formation.

Previously, scholars have focused on improving epithelial biological sealing around implants and HD formation by coating titanium surfaces with LM332 or LM332-derived peptides.[@bib14], [@bib15], [@bib16], [@bib17], [@bib18] However, exogenous LM332, as a macromolecular protein, can cause immune rejection in the body and rapid protein degradation. Furthermore, protein synthesis can be expensive and suboptimal for clinical application. Gene delivery has introduced new prospects for the overexpression of recombinant proteins. Several scholars have shown the promising effects of local transduction of genes for preventing bone loss and accelerating tooth movement.[@bib19]^,^[@bib20]

Our previous study demonstrated that immobilization of recombinant adenovirus encoding LAMA3 on the implant surface via layer-by-layer assembly and antibody antigen-specific binding could promote the biological sealing of the peri-implant hard and soft tissues.[@bib21] In the present study, we have investigated the effect of the adenovirus-mediated human LAMA3 gene (Ad-LAMA3) on PR via a direct injection approach. A model of JE injury in rats was induced, with or without direct injections of Ad-LAMA3, to ascertain the therapeutic utility of LAMA3 overexpression to improve binding between the JE and tooth surface *in vivo*. In this way, we wished to develop new treatment with firm and rapid biological sealing.

Results {#sec2}
=======

Optimization of Ad-LAMA3 Transduction Efficiency in HaCaT Cells {#sec2.1}
---------------------------------------------------------------

The low cytotoxicity and high transduction efficiency were used to determine the optimal multiplicity of infection (MOI). HaCaT cells (a human-immortalized epidermal cell line) were transduced with Ad-LAMA3 at an MOI of 110, 220, and 440 for 48 h. Expression of green fluorescent protein (GFP) showed that Ad-LAMA3 was successfully transduced into cells ([Figure 1](#fig1){ref-type="fig"}B). The transduction efficiency was \>95% at an MOI of 220 and MOI of 440 (n = 3; [Figure 1](#fig1){ref-type="fig"}C). However, an MOI of 440 with the highest transduction efficiency could have cytotoxicity for the HaCaT growth (data not shown). Therefore, an MOI of 220 was selected as the optimal MOI for subsequent transduction experiments in this study.Figure 1Effect of the Ad-LAMA3 on the Proliferation, Adhesion, and Migration of HaCaT Cells(A) Adenovirus vector map. ITR, inverted terminal repeat; CMV, cytomegalovirus promoter; GFP, green fluorescent protein gene; Amp, ampicillin gene. (B) Representative images of GFP expression at an MOI of 110, 220, or 440 after 48 h. (C) Ad-LAMA3 transduction efficiency in HaCaT cells by counting the GFP-positive cells (n = 3 in each MOI). (D) Viability of HaCaT cells in different groups for 1, 3, or 5 days (n = 3 in each group). (E) Early adhesion assay of HaCaT cells cultured for 3 or 6 h. Cells were not treated (Control) or treated with Ad-GFP or Ad-LAMA3. Three randomly chosen fields in each sample were evaluated. (F) Percentage closure was calculated by measuring the wound width from images in each group. Bars represent the mean ± standard deviation for n = 3. ∗p \< 0.05, ∗∗p \< 0.01. (G) Representative images after 3 or 6 h of early adhesion. Scale bar, 25 μm. (H) Scratch assays on HaCaT cells treated with Ad-GFP or Ad-LAMA3. Representative images at the time of scratching (0 days) as well as 1 or 3 days after scratching. Scale bars, 200 μm.

Effects of the Ad-LAMA3 on the Proliferation, Adhesion, and Migration of HaCaT Cells {#sec2.2}
------------------------------------------------------------------------------------

The alamarBlue assay was used to investigate the viability of HaCaT cells treated with Ad-LAMA3 or Ad-GFP after 1, 3, or 5 days. The number of HaCaT cells in the three groups showed no significant difference (n = 3; p \> 0.05) ([Figure 1](#fig1){ref-type="fig"}D). These results suggested that transduction with Ad-LAMA3 or Ad-GFP did not inhibit proliferation of HaCaT cells.

The number of attached cells and cytoskeletal morphology were determined to investigate adhesion of HaCaT cells during early stages after treatment. From 3 h to 6 h after treatment with Ad-LAMA3 or Ad-GFP, the Ad-LAMA3 group showed significantly more attached cells than the other two groups (\>1.4-fold increase; p \< 0.01) ([Figure 1](#fig1){ref-type="fig"}E). The Ad-LAMA3 group exhibited more polygonal cells with pseudopodia, and simultaneously, most cells of the Ad-GFP group were small and circular ([Figure 1](#fig1){ref-type="fig"}G).

Scratch assays were used to assess the effect of Ad-LAMA3 on the migratory capacity of HaCaT cells. After 3 days of wound healing, compared with Ad-GFP treatment, HaCaT cells treated with Ad-LAMA3 showed a significant increase in %gap closure in scratch assays (1.5-fold increase; p = 0.0093). However, the migratory capacity of HaCaT cells in all groups showed no significant difference after 1 day of wound healing ([Figure 1](#fig1){ref-type="fig"}F). [Figure 1](#fig1){ref-type="fig"}H shows representative images of wound healing in the three groups at each time.

Effects of the Ad-LAMA3 on the Expression of HD-Related Genes and Proteins {#sec2.3}
--------------------------------------------------------------------------

Expression of HD-related genes was measured after cells had been treated with Ad-LAMA3 or Ad-GFP for 3 days or 5 days. mRNA expression of LAMA3 and type XVII collagen (BP180) in the Ad-LAMA3 group was significantly upregulated at each time point ([Figures 2](#fig2){ref-type="fig"}A and 2D). The expression level changes in the LAMA3 gene in the Ad-LAMA3 group were 4.6-fold and 1.7-fold higher at 3 and 5 days, respectively, compared with the Ad-GFP group. The mRNA levels of LAMB3 in the Ad-LAMA3 group were significantly higher than in the Ad-GFP group at 3 days (p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}B). Meanwhile, the expression levels of LAMC2 in the Ad-LAMA3 group were significantly higher than in the Ad-GFP group at 5 days (p \< 0.001) ([Figure 2](#fig2){ref-type="fig"}C). Moreover, western blotting showed that expression of the HD-related proteins of LAMA3 and BP180 was upregulated significantly in the Ad-LAMA3 group, 5 days after transduction ([Figures 2](#fig2){ref-type="fig"}E--2G). The transduction effects of Ad-LAMA3 on HD-related genes and proteins revealed that LAMA3 overexpression could be beneficial to the anchorage of HD onto HaCaT cells *in vitro*.Figure 2Ad-LAMA3 Facilitates the Expression Levels of HD-Related Gene and Protein(A--D) Relative mRNA expression of LAMA3 (A), LAMB3 (B), LAMC2 (C), and BP180 (D) 3 or 5 days after transduction with Ad-GFP or Ad-LAMA3. (E) Western blots of HD-related proteins. Expression of LAMA3 and BP180 3 or 5 days after transduction with Ad-GFP or Ad-LAMA3. (F and G) Relative protein expression of LAMA3 (F) and BP180 (G) was normalized to that of GAPDH. Bars represent the mean ± standard deviation for n = 3. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001, ∗∗∗∗p \< 0.0001.

Immunofluorescence Expression of LAMA3 and BP180 Proteins in HaCaT Cells {#sec2.4}
------------------------------------------------------------------------

Immunofluorescence analyses showed that LAMA3 and BP180 exhibited red fluorescence, and nuclei showed blue fluorescence. LAMA3 proteins and BP180 proteins were distributed mainly in the cytoplasm and membrane of HaCaT cells ([Figure 3](#fig3){ref-type="fig"}). Moreover, BP180 protein was localized along the plasma membrane of the HD, a result that is in accordance with data from a study by Hiroyasu et al.[@bib22] The immunoreactivity of these proteins in HaCaT cells treated with Ad-LAMA3 was stronger than that in the other groups. These results demonstrated that LAMA3 overexpression could contribute to HD formation.Figure 3Immunofluorescent Subcellular Localization of LAMA3 and BP180 Proteins in the HaCaT cells(A and B) Subcellular localization of the LAMA3 proteins (A) and BP180 proteins (B) in HaCaT cells was determined by immunofluorescence microscopy. The merged image shows staining of LAMA3 and BP180, respectively, which were localized in the cytoplasm and cell membrane in the Ad-LAMA3 group (white arrows). Scale bars, 50 μm.

Ad-LAMA3 Promotes HD Formation {#sec2.5}
------------------------------

To confirm further the results of immunofluorescence, we used transmission electron microscopy (TEM) to observe HD structures. HDs possess a tripartite, electron-dense, cytoplasmic plaque structure.[@bib23] Hormia et al.[@bib24] showed that HaCaT cells formed mature HDs after induction by 804G conditioned medium containing soluble laminin-5r. Nevertheless, HaCaT cells, cultured in conditioned medium, formed only primary HDs that lacked a sub-basal plate.[@bib24] We observed a group of mature HDs in the Ad-LAMA3 group ([Figure 4](#fig4){ref-type="fig"}). However, the control group and Ad-GFP group had only rudimentary and immature HDs that lacked well-developed, tripartite, electron-dense plaques. These results suggested that Ad-LAMA3 treatment could promote the assembly of mature HDs.Figure 4Ad-LAMA3 Promotes Mature HD FormationElectron micrographs of HaCaT cells grown for 3 days after transduction with Ad-GFP or Ad-LAMA3. In control and Ad-GFP groups, HaCaT cells formed immature pre-HDs (black triangle). In the Ad-LAMA3 group, HaCaT cells formed a group of mature HDs (black arrows). Scale bar, top, 1 μm; bottom, 200 nm.

Pathologic Morphology of the JE during Wound Healing {#sec2.6}
----------------------------------------------------

The JE of normal rats in the control group was located on the flank of the tooth surface of the gingival sulcus epithelium. The latter was discontinuous with the sulcus epithelium, irregular in shape, stained deeply, and thickened in the apical portion and often formed a fissure with the sulcus epithelium in the coronal portion. Moreover, the evident keratinized sulcular epithelium could be distinguished from the JE. 2 days after surgery, the JE was destroyed and separated from the tooth surface in the three groups ([Figure 5](#fig5){ref-type="fig"}A). [Figure 5](#fig5){ref-type="fig"}B shows efficient expression of the GFP of Ad-GFP and Ad-LAMA3 groups 2 days after injection. The adenovirus showed good transduction into the JE cells. The injured JE "crawled" along with the connective tissue below and proliferated into a long, cord-like structure. 14 days after surgery, the apical portion of the JE of each group was dramatically thicker than that after 7 days, and almost all of it was reattached to the cement--enamel junction. The pathologic morphology of the three groups was not notably different ([Figure 5](#fig5){ref-type="fig"}C).Figure 5Histology after H&E Staining Demonstrated the JE Healing Process(A and C) At 2 (A) and 7 and 14 (C) days after injury to the JE. (B) Fluoroscopy shows the effect of adenovirus transduction and expression of green fluorescent protein, 2 days after injection. (A and B) Scale bars, 200 μm. (C) Scale bar, top, 200 μm; bottom, 100 μm.

Overexpression of LAMA3 Promotes the Expression of the HD-Related Proteins and HD Formation {#sec2.7}
-------------------------------------------------------------------------------------------

Immunohistochemical deposition of BP180 was localized along the tooth--JE interface, JE--connective-tissue interface, and basement membrane in the control group and Ad-LAMA3 group ([Figure 6](#fig6){ref-type="fig"}A). However, most of the coronal portion of the tooth--JE interface in the saline group and Ad-GFP group did not express BP180. Furthermore, the immunoreaction of LAMA3 was weak in the saline group and Ad-GFP group ([Figure 6](#fig6){ref-type="fig"}B).Figure 6Ad-LAMA3 Enhances the Expression of BP180 and LAMA3 *In Vivo*(A and B) Immunohistochemical staining indicating expression of BP180 (A) and LAMA3 (B) along the tooth--JE interface 14 days after surgery. Scale bars, 100 μm.

To evaluate further HD formation along the tooth--JE interface at different times, immunofluorescence double staining for integrin β4 (green) and plectin (red) was done. The integral colocalized linear structure of integrin β4 and plectin in the control group was observed from the coronal to the apical portion of the JE ([Figure 7](#fig7){ref-type="fig"}A). 7 days after surgery, the coexpression region appeared mainly in the coronal portion, which was short and discontinuous. However, colocalization staining in the Ad-LAMA3 group was more apparent and longer along the tooth--JE interface than that in the other two groups. 14 days after surgery, the colocalization band increased gradually from the coronal region to the apical region of the JE in all groups. Furthermore, the colocalization band in the LAMA3 group extended to the entire length of the JE, just like in the control group ([Figure 7](#fig7){ref-type="fig"}B).Figure 7Double-Immunofluorescence Staining Colocalizes HD Formation *In Vivo*(A) The double-immunofluorescence staining in the normal control group. Scale bar, fourth column, 200 μm; fifth column, 100 μm. (B) Double-immunofluorescence staining, 7 and 14 days after surgery. The integrin β4 (green) colocalizes with plectin (red) in merged images shown as an HD-like structure. Scale bar, fourth and ninth column, 200 μm; fifth and tenth column, 100 μm.

Overexpression of LAMA3 Decreases the Penetration Distance by HRP into the JE after Topical Application {#sec2.8}
-------------------------------------------------------------------------------------------------------

We topically applied horseradish peroxidase (HRP) to the JE to evaluate epithelium sealing during wound healing. Pictures in the four groups showed that 3,3′-diaminobenzidine (DAB)-positive reactions based on endogenous peroxidase were obvious in erythrocytes in capillaries, as well as in neutrophils and macrophages within the JE and connective tissue, which was consistent with the results of a previous study.[@bib25] Stronger and broader HRP reactions were observed from the coronal portion to the apical portion of the JE in the saline and Ad-GFP groups ([Figure 8](#fig8){ref-type="fig"}A). In control and Ad-LAMA3 groups, the penetration distance of the HRP reaction was shorter than that in the other two groups (n = 5; p \< 0.05) ([Figure 8](#fig8){ref-type="fig"}B). A 1.1-fold decrease in penetration distance at 14 days was observed in the JE transduced with Ad-LAMA3 compared with Ad-GFP.Figure 8HRP Penetration Evaluates the Biological Sealing of JE(A) Light micrographs of the JE around the tooth after HRP penetration. The black arrowheads indicate DAB-positive reactions based on endogenous peroxidase. Hematoxylin staining. Original magnification, ×200. Scale bars, 200 μm. (B) Mean distance of HRP penetration. Bars represent the mean ± standard deviation for n = 5. ∗p \< 0.05; ns, p \> 0.05.

Discussion {#sec3}
==========

We aimed to evaluate new treatment to induce fast and effective formation of biological closure and stable reattachment of the gingival epithelium. Expression of LAMA3 and BP180 in epithelial cells and HD assembly was documented, and the biological seal between the tooth and gingival epithelium could be improved, using adenovirus-mediated LAMA3 transduction. These actions led to acceleration of HD formation and PR.

The interaction of LM332 and integrin α6β4 enhances epithelial cell adhesion and HD formation.[@bib8]^,^[@bib26]^,^[@bib27] More research evidence posits that the modification of LAMA3 to the implant surface through a gene-delivery vector promotes the biological sealing of the peri-implant epithelium.[@bib21]^,^[@bib28] Presently, we utilized the adenovirus vector to overexpress the LAMA3 gene due to its large size. Future studies should be conducted to identify the most pivotal functional fragment of the LAMA3 gene involved in the formation of HDs.[@bib29]^,^[@bib30] In the current study, regarding GFP expression, adenoviral vectors have high transduction efficiency, which reduces the dose of the viral vector and increases therapeutic safety, consistent with the findings of previous studies.[@bib31]^,^[@bib32]

To make a biological assessment of Ad-LAMA3 *in vitro*, we selected HaCaT cells. First, the viability of HaCaT cells for Ad-LAMA3 treatment was evaluated. Consequently, no significant difference at each time point in the three groups was shown. However, a previous investigation indicated that cell viability in the CS/(HA/COL)5-AdLAMA3 group is significantly higher than in the polished titanium group on day 1.[@bib21] This inconsistency could be attributed to the different methods of adenovirus transduction and different interfaces of cell culture. We further evaluated the cell early adhesion, morphology, and migration of HaCaT cells. Representative images and the number of adherent cells indicated that Ad-LAMA3 treatment accelerates cellular attachment, consistent with the findings of a recent study.[@bib28] However, we did not report any significant difference in day 1 in all of the groups regarding the proportion of wound healing. This is because HD depolymerization had not been fully activated.[@bib33], [@bib34], [@bib35]

Interestingly, the overexpression of LAMA3 improved the LAMA3 and LAMC2 gene expression, simultaneously and significantly. The LAMC2 gene possesses the unique LM332 chain, which enhances cell adhesion and the formation of HDs.[@bib36] Therefore, from our findings, the expressions of LAMA3 and LAMC2 have synergistic effects. Notably, Ad-LAMA3 therapy showed a pronounced increase in protein expression of LAMA3 and BP180 from 3 days to 5 days, which is consistent with wound healing. Furthermore, the downregulation of protein expression was consistent with the cell-migration results on day 3. Because of the green fluorescence interference of GFP, we did not locate the colocalization HD-like structure *in vitro* using the double-immunofluorescence staining method utilized in our previous study.[@bib21] However, the deposition of LAMA3 and BP180 in the cytoplasm and cell membrane equally indicates HD formation. BP180 is one of the components of HDs. It takes part in adhesion of basal keratinocytes to the extracellular matrix.[@bib37] In addition, appropriate integration of LM332 in the matrix requires BP180, which has a crucial function in the ectodomain to combine LM332 and to regulate the migration and anchorage of basal keratinocytes.[@bib34]^,^[@bib38] Thus, BP180 contributes significantly to HD stabilization. Therefore, the upregulation of expression of these proteins by Ad-LAMA3 during wound healing contributed to HD assembly after migration and integration had been completed, which increased the quantity and quality of HDs in the JE.[@bib39] These actions were further confirmed by TEM data.

Besides *in vitro* experiments, we additionally designed a series of *in vivo* experiments to assess the effect of Ad-LAMA3 on PR. Gene delivery *in vivo* (e.g., intravenous administration) requires high viral doses, as well as provides relatively inefficient transduction in the target cells.[@bib40] In the present study, recombinant LAMA3 adenovirus was transduced efficiently into epithelial cells via local injection, as previously described.[@bib41]^,^[@bib42] We established a rat model of JE injury in the first upper molar. To confirm that the apical region of the reattached JE ended at the cement--enamel junction, we used the hematoxylin and eosin (H&E) staining method. Histomorphological results revealed that the long JE was barely formed. However, there was no obvious difference in the morphology of JE among the three groups after wound healing; the fast ability of JE to self-renew may be the most likely explanation for our results.[@bib43]^,^[@bib44] The self-renewal time of the normal JE is 1--6 days. Therefore, it is difficult to distinguish them morphologically. Notably, the effect of Ad-LAMA3 treatment in promoting PR was documented using a series of tests, including immunohistochemistry, immunofluorescence double staining, and topical application of HRP.

Consistent with the *in vitro* experiment, we detected the protein expression levels of LAMA3 and BP180 *in vivo*. Our results revealed a strong immunoreactive band along the full length of the tooth--JE interface in the Ad-LAMA3 group, which was consistent with the IBL region.[@bib45]^,^[@bib46]

Next, we explored if Ad-LAMA3 promoted HD formation. Scholars have shown that the interaction between integrin β4 and plectin has a crucial role in HD assembly.[@bib33]^,^[@bib35]^,^[@bib47] Double-fluorescence labeling of integrin β4 and plectin indicated that Ad-LAMA3 could facilitate the assembly and integration of HDs at the whole-tooth--JE interface. However, previous studies have confirmed that HDs only form in the apical and middle portions of the peri-implant epithelium around implants.[@bib48]^,^[@bib49] These inconsistent findings could be attributed to the mouse model expressing a truncated form of ameloblastin, resulting in the JE defects.[@bib50] Future studies should be conducted to modify the titanium surface with ameloblastin. Interestingly, our data revealed that the colocalization band, indicating HDs first formed in the coronal region of the JE, since the cells directly attached to the tooth, migrates and adheres toward the crown.[@bib44] To verify the efficacy of epithelial reattachment, we adopted the HRP-penetration assay to assess the biological sealing of the tooth--JE interface.[@bib49] From the penetration distance of the HRP reaction, the Ad-LAMA3 group exhibited higher biological sealing capacity than the saline and Ad-GFP groups. We demonstrated that Ad-LAMA3 could promote and accelerate re-epithelization and reattachment.

Overexpression of human LAMA3 was undertaken using adenoviral vectors, which synthesized LAMA3 effectively *in vitro*. Local transduction by Ad-LAMA3 in a rat model of JE injury promoted the adhesion and migration of epithelial cells and HD formation with upregulation of LAMA3 expression. These actions improved epithelial healing and reattachment. Taken together, these findings suggest that gene therapy, based on local Ad-LAMA3 transduction, was uncomplicated, practicable, minimally invasive, and relatively inexpensive. In the short term, verification of our data in large studies is needed.

Materials and Methods {#sec4}
=====================

Adenoviral Vectors, Cell Line, Cell Culture, and Gene Transduction {#sec4.1}
------------------------------------------------------------------

The LAMA3-overexpressing adenovirus (Ad-LAMA3) and Ad-GFP were constructed by Vigene Biosciences (Shandong, China). The full-length sequence of the LAMA3 gene (accession number National Center for Biotechnology Information \[NCBI\]: NM_000227) was retrieved from the NCBI database (<https://www.ncbi.nlm.nih.gov/gene>). The size of the LAMA3 gene is 5,175 bp. The adenovirus vectors were driven using the cytomegalovirus (CMV) promoter ([Figure 1](#fig1){ref-type="fig"}A). The titers of Ad-LAMA3 or Ad-GFP were 10^10^ plaque-forming units (PFUs)/mL. HaCaT cells (Xiangf Bio, Shanghai, China) were cultured in Dulbecco's modified Eagle's medium (DMEM; Jima, Beijing, China) with 10% fetal bovine serum (FBS; Gibco, Billings, MT, USA) and 1% penicillin/streptomycin at 37°C in an atmosphere of 5% CO~2~. Third-generation cells were used for experiments. HaCaT cells were seeded at 3 × 10^5^ cells/well in six-well dishes. After culturing for 24 h, the cells were transduced with Ad-LAMA3 or Ad-GFP for 12 h, following the manufacturer's instructions, when the cultures reached about 50% confluence, whereas the cells were added to the cell medium alone as a blank control. The medium was changed every 2--3 days, and cells were passaged when cell confluence reached \>80%.

Assessment of the Ad-LAMA3 Transduction Efficiency {#sec4.2}
--------------------------------------------------

HaCaT cells were seeded in 24-well plates at 2 × 10^4^ cells/well. After culturing for 24 h, the cells were transduced with the Ad-LAMA3 at different MOIs of 110, 220, or 440 for 48 h. Samples were fixed with 4% paraformaldehyde for 30 min, and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 min. Then, the transduction efficiency was assessed by calculating the percent of GFP-positive cells under an inverted fluorescence microscope (AXIO Observer A1; Zeiss, Wetzlar, Germany). The number of GFP-positive cells in three randomly selected fluorescent pictures was counted using ImageJ (National Institutes of Health, Bethesda, MD, USA) to demonstrate the transduction efficiency.

Proliferation Assay {#sec4.3}
-------------------

The viability of HaCaT cells was evaluated by the alamarBlue test. HaCaT cells were seeded in 12-well plates at 2 × 10^4^ cells/well. After transduction for 1, 3, or 5 days, the medium was replaced with a medium containing 10% alamarBlue cell viability reagent (Invitrogen, Carlsbad, CA, USA) at 37°C in a 5% CO~2~ incubator with the atmosphere humidified for 4 h. Changes in light intensity of the incubation solution (100 μL) were measured by a microplate spectrophotometer (Spectra M2; Molecular Devices, Silicon Valley, CA, USA) at an excitation wavelength of 540 nm and emission wavelength of 590 nm. Each group contained three wells, and the mean value served as the final result.

Adhesion Assay in Early Stages {#sec4.4}
------------------------------

The transduced HaCaT cells were seeded in 24-well plates at 2 × 10^4^ cells/well and cultured for 3 h or 6 h. Samples were washed with ice-cold phosphate-buffered saline (PBS) and then fixed in 4% paraformaldehyde at room temperature for 30 min. Then, the cells were permeabilized in 0.5% Triton X-100 (Solarbio, Beijing, China) for 5 min. The cytoskeleton was stained using tetra-methyl-5,6-isothiocyanate-phalloidin (Solarbio) in the dark for 30 min at room temperature. Nuclei were stained with DAPI for 5 min. Samples were washed thrice with PBS at each step. The cell morphology and cytoskeleton were analyzed using a Nikon A1 confocal laser-scanning microscope (CLSM; Nikon, Tokyo, Japan). Cell numbers were counted at three sites, chosen randomly on each group, using ImageJ (National Institutes of Health, Bethesda, MD, USA).

Scratch Assays {#sec4.5}
--------------

Scratch assays were carried out as wound models on dishes. In a confluent monolayer of HaCaT cells after adenovirus infection, a scratch was made with 200 μL pipette tips. The width of the scratch was measured at the beginning, as well as after 1 day or 3 days, of culture in DMEM with 1% FBS. The percent of wound closure was calculated using ImageJ.

Western Blotting {#sec4.6}
----------------

After 3 days or 5 days of cell culture, samples were washed with ice-cold PBS. Then, the total protein was extracted by lysing in radioimmunoprecipitation assay (RIPA) buffer with a "cocktail" of protease inhibitors (Beyotime Biotechnology, Beijing, China). The three groups of cell lysates were quantified using a bicinchoninic acid protein kit (ComWin Biotech, Beijing, China). About 20 μg of protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 8% gels (Invitrogen). Proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA) for immunoblotting and then blocked with 5% skimmed milk in Tris-buffered saline-Tween 20 (TBST) buffer for 2 h at room temperature. PVDF membranes were incubated with primary antibodies against rabbit LAMA3 (Abcam, Cambridge, UK), mouse integrin β4 (Abcam), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Bioker, Beijing, China) overnight at 4°C. PVDF membranes were rinsed with TBST and then incubated with the corresponding secondary antibody (immunoglobulin G \[IgG\]-HRP\]; Bioker) for 1 h at room temperature. Antibody-bound bands were visualized using an enhanced chemiluminescence system (Millipore), and the gray value of each band was measured with ImageJ.

Quantitative Real-Time Polymerase Chain Reaction {#sec4.7}
------------------------------------------------

After 3 days or 5 days of cell culture, total RNA was extracted from HaCaT cells using TRIzol reagent (Invitrogen). Complimentary DNA (cDNA) was synthesized using a PrimeScript RT Reagent kit (Perfect Real Time; TaKaRa Biotechnology, Dalian, China). Quantitative real-time PCR was done using a SYBR Green kit (TaKaRa Biotechnology) with an ABI ViiA 7 system (Applied Biosystems, Foster City, CA, USA). The PCR conditions were the following: initial denaturation at 95°C for 30 s, followed by denaturation at 95°C for 5 s and annealing at 60°C for 34 s for 40 cycles. The relative expression of genes from three independent experiments was analyzed using the 2^−ρρCT^ method. All CT values were averaged and calibrated by the CT value of GAPDH. The sequences of the primers were as follows: LAMA3 (NCBI: NM_000227), 5′-CTGCAGTTTAAACAAACCACCT-3′ (forward) and 5′-CAGCTGGTTGATACGAAAAGTC-3′ (reverse); LAMB3 (NCBI: NM_000228), 5′-GAGCCTGTGACTGTGATTTCC-3′ (forward) and 5′-GGTAGCGATTACAGTAGCCTC-3′ (reverse); LAMC2 (NCBI: NM_005562), 5′-GAGGATCAAACAAAAAGCGGAT-3′ (forward) and 5′-AGATTCTTCTGTGTACGCTTGA-3′ (reverse); BP180, 5′-TCGTCTTACTTACATACTGCCG-3′ (forward) and 5′-CTG TTTTCAGCTGCATAGGTTG-3′ (reverse); and GAPDH, 5′-GCACCGTCAAGGCTGAGAAC-3′ (forward) and 5′-TGGTGAAGACGCCAGTGGA-3′ (reverse).

Immunofluorescence Assay {#sec4.8}
------------------------

HaCaT cells were seeded at 2 × 10^4^ cells/well onto glass slides (macrophage = 20 mm) in 12-well plates. 2 days after transduction, samples were fixed with 4% paraformaldehyde for 30 min and permeabilized in 0.5% Triton X-100 for 5 min. Samples were blocked with 2% bovine serum albumin for 30 min. Then, HaCaT cells were incubated overnight at 4°C with rabbit primary antibodies against anti-LAMA3 (1:100 dilution; Abcam) or anti-BP180 (1:100; Abcam). All samples were incubated with a Cy3-conjugated anti-rabbit secondary antibody (1:100 dilution; Proteintech, Beijing, China) for 1 h at room temperature. Nuclei were stained with DAPI. Samples were washed thrice with PBS at each step, except for blockade. Fluorescence micrographs were taken using an upright fluorescence microscope (DM4000; Leica). Images were captured using a Leica DFC450 C camera.

TEM {#sec4.9}
---

The protocols for TEM were similar to that described by Jones and colleagues.[@bib51] Briefly, HaCaT cells were seeded at 30 × 10^4^ cells/well onto glass slides (macrophage = 24 mm) in six-well plates. 3 days after transduction, samples were fixed in 2.5% glutaraldehyde (pH 7.4) at 4°C overnight and then washed thrice in 0.1 M PBS. Then, HaCaT cells were fixed in 1% osmium tetroxide for 1 h at room temperature and washed thrice with 0.1 M PBS. Samples were stained in 2% uranyl acetate for 1 h. Samples were dehydrated through a graded series of ethanol solutions up to 100% and infiltrated in Spurr resin. The following day, samples were embedded in inverted Eppendorf tubes containing Spurr resin and heated at 60°C for 48 h. Samples were sectioned in an electron microscopy (EM) UC7 ultratome (Leica). Sections were stained with uranyl acetate and alkaline lead citrate for 5--10 min, respectively, and examined using a transmission electron microscope (TECNAI-10; Philips, Netherlands).

Animal Model {#sec4.10}
------------

The study protocol was approved by the Ethics Committee of Zhejiang University (Hangzhou, China). Forty-two male Wistar rats (180--220 g) were divided randomly into three groups of 12 (Ad-LAMA3, Ad-GFP, and saline) and one group of six (normal control). Briefly, rats were anesthetized with 10% chloral hydrate (0.3 mL/100 g bodyweight, intraperitoneally \[i.p.\]). A sterile periodontal probe was placed parallel to the tooth surface, along with the first molar buccal sulcus on both sides of the maxilla. JE tissues of 36 rats were injured by continuous multiple-point puncture by lifting and insertion around the tooth, with the depth maintained to the top of the alveolar ridge. After hemostasis, 5 μL of Ad-LAMA3, Ad-GFP, or physiologic (0.9%) saline was injected into the buccal sulcus using a microliter syringe (Gaoge, Shanghai, China). After injection, the rats were allowed to have standard chow and tap water *ad libitum* under conventional laboratory conditions.

Tissue Preparation {#sec4.11}
------------------

At 2, 7, and 14 days after surgery, deep anesthesia was induced. This was followed by transcardial perfusion of heparinized saline. Next, cold fixative containing 4% paraformaldehyde (pH 7.4) was administered. Bilateral maxillae were dissected immediately after perfusion and immersed in the same fixative for 4 h at 4°C and then demineralized in 0.5 M EDTA solution for 2 weeks at room temperature. Tissue samples were maintained in 0.01 M PBS containing 20% sucrose for cryoprotection. Then, specimens were embedded in optimal cutting temperature compound (Sakura, Tokyo, Japan) and stored at −80°C until cryosection. After being balanced at −20°C, gingiva samples were cut bucco palatally into 10 μm-thick cryosections. Cryosections were mounted on adhesion microscope slides (Servicebio, Wuhan, China).

Staining Using H&E and DAPI {#sec4.12}
---------------------------

After rinsing with 0.01 M PBS, cryosections, 2, 7, and 14 days after surgery, were stained with H&E. To observe the transduction efficiency of adenoviruses *in vivo*, 2 days after surgery cryosections were washed in 0.01 M PBS and stained with DAPI. Slices were observed under a light microscope and fluorescence microscope.

Immunohistochemistry {#sec4.13}
--------------------

Instant Immunohistochemistry Kit I (for application on rabbit primary antibodies) (Dako, Glostrup, Denmark) was used. Briefly, after tissue sections had been washed in 0.01 M PBS, tissue sections were treated with 3% H~2~O~2~ in PBS for 10 min and blocked for 30 min with 10% normal goat serum in PBS. Then, tissue sections were incubated overnight at 4°C with primary rabbit polyclonal anti-LAMA3 antibody (1:100 dilution; Bioss, Beijing, China) and BP180 (1:100; Abcam). Tissue sections were incubated with HRP-labeled secondary antibody (goat anti-rabbit) in PBS (1:200 dilution) for 30 min at room temperature. Then, tissue sections were treated in DAB for 5 min. All tissue sections were washed in PBS and counterstained with hematoxylin. Tissue sections were examined and photographed under a light microscope.

Immunofluorescence Double Staining {#sec4.14}
----------------------------------

According to the method described by Zhang et al.,[@bib21] the colocalization of integrin β4 and plectin was used to indicate the structure of HDs. Briefly, samples were incubated overnight with a solution containing anti-integrin β4 mouse monoclonal antibody and anti-plectin rabbit monoclonal antibody at 4°C. Then, sections were incubated with two secondary antibodies: goat anti-mouse IgG conjugated with Alexa 488 and goat anti-rabbit IgG conjugated with Cy3. Nuclei were stained with DAPI. Sections were photographed using a fluorescence microscope.

Topical Application of HRP {#sec4.15}
--------------------------

14 days after surgery, 50 mg/mL of HRP (40,000 Da; Solarbio) was applied topically to 12 rats (three rats in each group). The procedure for topical application of HRP was similar to that reported by Atsuta and et al.[@bib52] Briefly, under general anesthesia, cotton floss immersed in 10 μL of HRP/PBS (50 mg/mL) was laid on the gingival margin around the tooth without application of mechanical stress. Then, the same volume of solution was dripped onto the floss every 10 min for 60 min. Preparation of gingival sections was done as described above. After sections had been washed in PBS, they were incubated in a DAB substrate kit (Solarbio) for 5 min at room temperature. All sections were counterstained with hematoxylin. Five sections from each group were selected. The vertical distance between the top of the JE and the bottom of the area where HRP had penetrated was measured parallel to the long axis of the tooth.

Statistical Analyses {#sec4.16}
--------------------

Independent experiments were carried out using triplicate samples and were repeated at least thrice. Statistical analyses were carried out using SPSS v22.0 (IBM, Armonk, NY, USA). One-way analysis of variance with Fisher's least significant difference test was used to analyze differences in multiple comparisons with all groups. Data are the mean ± standard deviation. p \<0.05 was considered significant.
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